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Abstract
Jet Electrochemical Machining (Jet-ECM) is a technology for quickly and ﬂexibly generating micro structures and micro geometries in metallic
parts independently from the material’s hardness and without any thermal or mechanical impact [1]. In the process no tool wear occurs and the
machined surface is very smooth [2]. The Jet-ECM process strongly depends on the shape of the electrolyte jet. In a previous study Hackert [3]
built a numerical model with COMSOLMultiphysics based on a predeﬁned jet shape. The simulated dissolution results of this model progressively
diﬀer from experimental results with increasing processing time. Hence, a multiphysics model which integrated ﬂuid dynamics using the level
set method for two-phase ﬂow was created. Furthermore, in the present study the electric boundary resistance at the interface of workpiece and
electrolyte is considered. According to the real Jet-ECM process the simulation is divided into two steps. In the ﬁrst simulation step the jet is
formed, and in the second simulation step the anodic dissolution is simulated by deforming the geometry. The dynamic behavior of the electrolyte
jet could be simulated during the material removal process. So eﬀects became visible which aﬀect the machining results.
© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of The International Scientiﬁc Committee of the “15th Conference on Modelling of Machining Operations”.
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1. Introduction
Jet Electrochemical Machining (Jet-ECM) is a manufactur-
ing technology which is based on anodic dissolution. Hack-
ert et al. [1] showed that Jet-ECM enables a fast production of
complex micro geometries. Deﬁned volumes of material can
be removed from metallic workpieces by concentrating a direct
current in an electrolyte jet ejected from a small nozzle. The re-
moval depends on the local current density which, as Schubert
et al. [4] found, amounts up to 2100A/cm2. This high current
density is locally restricted by the shape of the jet. Hackert et
al. [5] showed that Jet-ECM is suitable to machine carbide met-
als in addition to metals. Furthermore the technology’s ﬂexibil-
ity could be shown applying inverse Jet-ECM as well as Jet-EC
Turning [6,7]. The major beneﬁts of Jet-ECM are the high lo-
calization of the machined area and the high achievable surface
quality. Furthermore, during machining no tool wear occurs.
The shape of the jet, which strongly inﬂuences mate-
rial removal, is hardly predictable. Yoneda and Kuneida [8]
showed an axially symmetric stationary model of Jet-ECM
for a plane workpiece surface at machining time zero, which
has been proven by Natsu et al. [9]. Based on this Hack-
ert [3] created a numerical model which describes the pro-
cess of material removal using a predeﬁned static jet shape.
The simulated removal results of this model progressively
diﬀer from experimental results with increasing processing
time. Hence, in the present study the material removal
with Jet-ECM will be analyzed considering ﬂuid dynam-
ics as well as the electric boundary resistance on the inter-
face between workpiece and electrolyte. For this purpose,
COMSOL Multiphysics 4.4 is used.
2. Model Description
For the multiphysics simulation of the material removal a
model containing three physical phenomena was developed.
The simulation is performed in two simulation steps. In the
ﬁrst step without material removal the electrolyte jet is initial-
ized within the time range 0 ≤ t ≤ tinit = 1·10−4 s. In the second
simulation step the machining process takes place. It lasts until
processing time tECM = 2 s, with tECM = t − tinit. The solver’s
maximum time step is set to 1·10−3 s. The 2D axially symmetric
model geometry is shown in ﬁgure 1. It features a working gap
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Fig. 1. Geometry with deﬁnition of domains, boundaries and points
and an inner nozzle diameter of a = d = 100 μm. That corre-
sponds to values of available experimental data [3]. The model
is reduced to the region of the working gap. Domain I is the
nozzle and domains II to V are the domains of electrolyte and
air. The workpiece is represented by domainVI. Boundaries 3
to 7 at r = 0 μm are the axis of symmetry. Boundaries 10 to
15 are permeable for ﬂuids. It is assumed that electrolyte exit-
ing these boundaries is immediately removed by an introduced
airﬂow [10]. The geometry was meshed using triangular mesh
elements. The initial mesh consists of 16583 elements. Addi-
tionally, the option ”Automatic Remeshing” is used in COM-
SOL. Here the ”Minimum mesh quality” is set to 0.65.
2.1. Fluid Dynamics
For modeling the interaction of the electrolyte with the sur-
rounding air the ”Laminar Flow, Two-Phase, Level Set” mode
with the time-dependent, laminar and incompressible form of
the Navier-Stokes equations is used. For the chosen inlet ve-
locity and material parameters the Reynolds number [11] calcu-
lated with the nozzle diameter is Re = 1520. The ﬂow condition
is estimated to be laminar, stable and symmetric. To reduce the
numerical eﬀort ﬂuid dynamics is not calculated in domain II.
For describing the two-phase ﬂow the level set method which is
implemented in COMSOL Multiphysics is used [12]. Here the
level set variable φ characterizes the phase, where φ = 0 means
ﬂuid 1 (electrolyte) and φ = 1 means ﬂuid 2 (air). φ = 0.5 can
be interpreted as the interface.
Table 1 shows the material properties of the two considered
ﬂuids. The domain and boundary conditions of ﬂuid dynam-
ics are listed in table 2. In the ”Fluid Properties” domain con-
Table 1. Properties of electrolyte at 20°C [13,14] and air at 1 bar and 20°C [15]
Material Property Symbol Value
Surface tension σE/A 79.5mN/m
Electrolyte Mass fraction of NaNO3 ω 30%
Density ρE 1221.51 kg/m3
Dynamic viscosity μE 1.607mPas
Air Density ρA 1.1885 kg/m3
Dynamic viscosity μA 18.205mPas
Table 2. Domain and boundary conditions ﬂuid dynamics
Domain Condition Domain Property
Fluid Properties III-V Fluid 1: ρ1 = ρE ; μ1 = μE
Fluid 2: ρ2 = ρA; μ2 = μA
σ = σE/A
γ = 1m/s
 = 2 μm
Initial Values Electrolyte III u = 0
prel = 0 Pa
Fluid initially in domain: Fluid 1
Initial Values Air IV, V u = 0
prel = 0 Pa
Fluid initially in domain: Fluid 2
Gravity III - V gr = 0; gz = −g
Boundary Condition Boundary Property
Axial Symmetry 3 - 7 -
Wall 28 No slip (u = 0)
Wall 22, 25, 26 Wetted wall (u ≈ 0)
θ = π/2
Initial Interface 20, 27 -
Inlet Electrolyte 19 Laminar inﬂow
φ = 0
u¯ = 20m/s
Lentr = 0.8mm
Outlet 10 - 14 Pressure, no viscous stress
prel = −(r − 67.5 μm)/(82.5 μm)
·1000 Pa ·pint(t)
Weak Contribution 10 - 14 -test(φ) · (1 − φ) · |un | · (un < 0)
dition  characterizes the thickness of the numerical interface
between electrolyte and air. For numerical reasons it is ﬁnitely
small. The deﬁnition means that φ will rise from zero to one
by an interface-normal distance of approximately 2 ·  = 4 μm.
For the model speciﬁc parameter γ the predeﬁned value 1m/s is
appropriate. Initially electrolyte is solely located in domain III
and air in domains IV and V. The initial interface between elec-
trolyte and air is located on boundaries 20 and 27. Before simu-
lating the material removal the quasi-stationary shape of the
electrolyte jet is initialized in the ﬁrst simulation step. In the
”Wetted Wall” boundary condition θ is the contact angle and in
the ”Inlet Electrolyte” boundary condition Lentr characterizes
the length of a virtual inlet channel. Due to a better conver-
gence the relative pressure in the ”Outlet” boundary condition
is deﬁned depending on time and location. Here pint(t) is a
dimensionless interpolation function. It returns the value one
while t ≤ 0.7 · tinit. In the range 0.7 · tinit ≤ t ≤ 0.9 · tinit the
function value decreases linearly to zero and remains zero for
the rest of the simulation time. So during the removal process
the pressure at the outlet is prel(t ≥ tinit) = 0 Pa. Furthermore
a ”Weak Contribution” was added on the outlet boundaries. It
creates an additional term in the level set equation that forces
the incoming ﬂow un < 0 to φ = 1 (air).
2.2. Electrodynamics
Fluid dynamical and geometrical changes happen in a much
slower time scale than changes in electrodynamics. Due to this
fact, the stationary form of the equations of the ”Electric Cur-
rents” mode is used. In table 3 the material deﬁnition for elec-
trodynamics is shown. In domains IV and V the electric con-
ductivity is deﬁned depending on the level set variable φ. The
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electric conductivity of air is set to a ﬁnitely small value to avoid
numerical instability.
Table 3. Material deﬁnition electrodynamics
Domain Material Parameter
I, VI Steel σ = 4.032 · 106 S/m
II Electrolyte σ = 16 S/m
III - V Electrolyte/Air σ = σE + (σA − σE)φ
σE = 16 S/m, σA = σE · 10−3
Table 4. Domain and boundary conditions electrodynamics
Domain Condition Domain Property
Current Conservation all σ from material (table 3)
Initial Values all ϕ = 0V
Boundary Condition Boundary Property
Axial Symmetry 3 - 7 -
Electric Insulation 9 - 17 -
Ground 1, 2 ϕ = 0V
Electric Potential 8 ϕ = ϕint(t) · U
U = U0 − Uox
The domain and boundary conditions of electrodynamics are
listed in table 4. In the ”Electric Potential” boundary condition
ϕint(t) is a time-dependent function. During the jet initialization
simulation step it is zero and during the material removal it has
the value one. The used NaNO3 electrolyte shows a passivating
behavior. In accordance to Rosenkranz [16] there is a boundary
resistance between electrolyte and workpiece. This resistance
derives from an oxide layer and a viscous ﬁlm of supersaturated
nitrates on the workpiece surface. The voltage drop at the oxide
layer is independent of the current density [16]. As a ﬁrst ap-
proach based on the results of Rosenkranz [16] the voltage drop
is set to Uox = 3V. Since the ﬂow conditions with Jet-ECM
lead to high wall shearing stresses, the thickness of the viscous
ﬁlm is estimated as very low. Hence, the resistance of this ﬁlm
is neglected in the present study. In the ”Electric Potential”
boundary condition the applied voltage is U0 = 56V.
2.3. Geometry Deformation
The ”Deformed Geometry” mode is used to implement the
time-dependent anodic material dissolution. This mode is ap-
plied in domains IV to VI. Referring to publications of Purcar
and Bortels the material removal velocity is based on Faraday’s
law [3,17–19].
vn = η · MzA · ρ · F ·
J · n = η · Vsp · Jn (1)
According to equation 1 the surface normal material removal
velocity vn is dependent on the current eﬃciency η, the molar
mass of the dissolved material M, its valency zA, its density ρ
and the normal electric current density Jn = J · n. F is the the
Faraday constant. The fraction in the middle term equals the
speciﬁc removal volume Vsp. In the present study the stainless
steel 1.4541 with Vsp = 2.1402 cm3/C is considered as work-
piece material.
Table 5. Domain and boundary conditions geometry deformation
Domain Condition Domain Property
Fixed Mesh I - III -
Free Deformation IV - VI dr0 = 0; dz0 = 0
Boundary Condition Boundary Property
Mesh Displacement 11 - 15, 20, 25 - 27 Global coordinate system (r, z)
dr = 0; dz = 0
Mesh Displacement 5 - 7, 9, 10, 24 Global coordinate system (r, z)
dr = 0
Mesh Velocity 22 Boundary system (t, n)
vt = 0
vn = Vsp · ηint(Jn) · Jn · vint(t)
Mesh Velocity 21, 23 Global coordinate system (r, z)
vr = 0
vz = 0.75 · vz(Pt. B)
The domain and boundary conditions used in the ”Deformed
Geometry” mode are listed in table 5. The material removal is
implemented by the ﬁrst ”Mesh Velocity” boundary condition.
The current eﬃciency ηint(Jn) is deﬁned as a cubic spline. The
function returns the value 0% for Jn ≤ 3A/cm2 and 100% for
Jn ≥ 20A/cm2. vint(t) can be regarded as a switch which returns
zero during the jet initialization simulation step and one during
the material removal simulation step. The second ”Mesh Veloc-
ity” boundary condition is used to reduce the size of domainV
by enlarging domain IV in the negative z-direction with 3/4 of
the mesh velocity of point B vz(Pt. B). This was implemented
since domainV is the domain with the ﬁnest mesh and enlarges
during the removal process.
3. Results and Evaluation
3.1. Fluid Dynamics
The velocity ﬁeld at tECM = 0 s is shown in ﬁgure 2. The
highest ﬂuid velocities of u ≈ 40m/s are observed inside the
nozzle. Except for the stagnation zone the velocity gradient
near the workpiece surface is very high. This potentially inﬂu-
ences the ECM process regarding the formation of the viscous
ﬁlm, as discussed in chapter 2.2.
z [μm]
r [μm]
|u| [m/s]
Fig. 2. Magnitude of the velocity ﬁeld at tECM = 0 s, arrows represent the
velocity ﬁeld
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Fig. 3. Simulated jet shape at tECM = 0 s, level set variable (left) and rotated
pseudo 3D view (right)
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Fig. 4. Simulated jet shape at tECM = 0.5 s, level set variable (left) and rotated
pseudo 3D view (right)
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Fig. 5. Simulated jet shape at tECM = 2.0 s, level set variable (left) and rotated
pseudo 3D view (right)
The electrolyte jet behavior is shown in ﬁgures 3 to 5 for
the processing times tECM = 0 s, 0.5 s and 2 s. The left hand
ﬁgures show the level set variable φ and the right hand ﬁgures
show a rotated pseudo 3D view. Here the domain of the nozzle
is marked in yellow, the workpiece in gray and the electrolyte
φ < 0.5 in dark blue. The interface represented by an isosur-
face with φ = 0.5 is light blue. Air, represented by φ > 0.5, is
transparent. At tECM = 0 s the workpiece surface is plain. The
electrolyte jet hits the workpiece and the electrolyte ﬂows oﬀ
in a wall jet. At tECM = 0.5 s a material removal has occurred
on the workpiece surface and a calotte with a depth of about
40 μm has been generated. The wall jet remains adapted to the
workpiece surface. With increasing depth of the calotte this
ﬂow condition becomes increasingly instable. At a processing
time of tECM ≈ 0.9 s the wall jet detaches from the workpiece
surface. This process happens in a very short period of time
and can be traced back to a pressure minimum at the edge of
the calotte. The air, which ﬁlls the space between wall jet and
workpiece surface, originates from the outlet boundary of the
model. It is pointed out that the developed 2D axially symmet-
ric model cannot completely describe this detachment process.
In reality this is very probably a three-dimensional process. At
tECM = 2.0 s (ﬁgure 5) the material removal on the workpiece
surface has progressed. The depth of the calotte is approxi-
mately 100 μm. Inside the calotte a highly concave electrolyte
ﬂow proﬁle has developed. The ﬂow-oﬀ angle of the detached
electrolyte jet increases with processing time. This indicates a
secondary contacting of electrolyte and nozzle. The secondary
contacting would lead to a secondary material removal at the
edge of the calotte. Due to the positioning of the model bound-
ary this is not considered in the present model. However, it is
observed in experiments.
3.2. Electrodynamics
Figure 6 shows the simulated surface normal electric current
density on the workpiece surface plotted against the radius r
in comparison with the simulation without ﬂuid dynamics and
electric boundary resistance [3]. The red curve is the result of
Fig. 6. Electric current density on the workpiece surface at tECM = 0 s
the present study and the blue curve represents the result of
the previous simulation model using the predeﬁned static jet
shape [3]. Additionally the inner radius of the nozzle is marked
by the orange dashed line. For radii r > d/2 the curves are sim-
ilar. With increasing radius the current density decreases and at
r = 100 μm the values become approximately zero. Both curves
feature the maximum at r = 0 μm. For small radii the simula-
tion model of the present study predicts lower normal current
densities. This can be traced back to the higher eﬀective elec-
tric voltage applied in the previous simulation model [3]. Here
the voltage drop at the oxide layer was not considered.
The curves diﬀer in the localization of the electric current.
For describing this diﬀerence a dimensionless number is used,
hereafter referred to as current localization coeﬃcient:
λ :=
∫
A
Jn · d
4 · I · r dA (2)
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The coeﬃcient regards the surface normal electric current den-
sity Jn weighted by the inverse radius r and normalized with
the electric current I as well as the nozzle diameter d. The
integration is executed on the workpiece surface A. If the cur-
rent density is homogeneously distributed right under the noz-
zle r ≤ d/2 the coeﬃcient λ has the value one. For the sim-
ulation model of the present study the current localization is
λ(tECM=0 s) = 0.807. For the previous simulation model [3]
λ(tECM=0 s) = 0.841 is higher. This can be traced back to the
shape of the electrolyte jets. The predeﬁned jet shape of the pre-
vious simulation model has a sharp edge at the stagnation zone.
There the jet diameter is lower than with the simulated jet of
the present study. Consequently, in the previous simulation at
tECM = 0 s the current localization is higher.
For the model of the present study the time-dependent
current localization coeﬃcient is λ(tECM=1 s) = 0.590 and
λ(tECM=2 s) = 0.565. For the previous simulation model [3]
it has the lower value λ(tECM=1 s) = 0.399 since there the in-
terdependency of electrolyte jet and material removal was not
regarded. This inﬂuences the time-dependent developing of the
electric current.
0,0 0,5 1,0 1,5 t [s] 2,0
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Fig. 7. Simulated electric current I and mean electric current density J¯ plotted
against tECM compared with the previous simulation and experiments [3]
Figure 7 shows the simulated electric current I plotted
against time tECM in comparison with results of the previous
simulation model and experiments [3]. Here J¯ is the mean elec-
tric current density which is the electric current related to the
sectional area of the nozzle. The simulated values of the present
study (red curve) are consistently lower than the results of the
previous simulation model [3] (blue dashed curve). The accord
with the experimental values is very good for tECM < 1.5 s.
After that the experimental values increase. As discussed in
chapter 3.1 it is assumed that this behavior originates from a
secondary contacting of electrolyte which is reﬂected form the
workpiece surface. Since this eﬀect is not regarded by the
model of the present study the electric current is underesti-
mated.
3.3. Geometry Deformation
The depth of the calottes is shown in ﬁgure 8 plotted against
time. The black curve represents experimental results. The
blue dotted curve represents the results of the previous simula-
Fig. 8. Simulated depth of calottes as function of time compared with the pre-
vious simulation and experiments [3]
Fig. 9. Simulated diameter of calottes as function of time compared with the
previous simulation and experiments [3]
tion model [3] and the red dashed curve represents the simula-
tion with ﬂuid dynamics and electric boundary resistance of the
present study. All curves rise with decreasing gradient. The ac-
cord of the results of the previous study [3] with the experimen-
tal results is good. The simulated depths of the present study
are systematically higher and overestimate the experiments by
up to 15%. In another previous study [20] investigations with a
predeﬁned dynamic jet shape neglecting ﬂuid dynamics showed
a similar behavior.
Figure 9 shows the diameter of the calottes as a function of
time. All curves rise with decreasing gradient. Compared to the
experimental results the diameter is computed more accurately
by the simulation model of the present study than by the pre-
vious simulation model. The reduction of the gradient at pro-
cessing time tECM ≈ 0.3 s is described by the simulation of the
present study within the tolerance of the experimental results.
Until tECM ≈ 1 s the values of simulation and experiments diﬀer
minimally. At processing time tECM = 2 s the simulation result
is ca. 14% lower than the experimental result. The result of the
previous simulation model with predeﬁned static jet shape is
systematically too high. This corresponds to the lower current
localization coeﬃcient, as discussed in chapter 3.2.
In ﬁgure 10 simulated cross-sectional proﬁles of calottes
202   Matthias Hackert-Oscha¨tzchen et al. /  Procedia CIRP  31 ( 2015 )  197 – 202 
Fig. 10. Simulated calotte proﬁles of selected processing times compared with
experiments [3]
are compared with experiments [3]. The simulation results
correspond well with the experimental proﬁle shapes. How-
ever, the material removal is overestimated by the simulation.
The straight part of the experimental proﬁles which appears at
higher processing times at the slope of the calottes can be re-
garded as a measurement error.
At tECM = 1.0 s the edge of the calotte is rounded. At
tECM = 1.5 s and tECM = 2.0 s the calottes feature a cham-
fer. This chamfer indicates a secondary material removal as
described above. In ﬁgure 10 the enlargement of the calotte di-
ameter in the experiments at processing times tECM ≥ 1.5 s is
attributable to the secondary material removal.
4. Conclusion
In this study a multiphysical model for simulating the mate-
rial removal in Jet Electrochemical Machining was created us-
ing COMSOL Multiphysics. The simulation results were com-
pared and validated with experimental results and results of a
previous simulation model using a static jet shape [3].
Additionally to ﬂuid dynamics, the electric boundary resis-
tance at the interface between workpiece and electrolyte was
considered. Since NaNO3 electrolyte is used in the regarded
case, a constant voltage drop occurs at the oxide layer on the
workpiece surface [16]. An accurate computation of the elec-
tric current for processing times tECM ≤ 1.5 s was achieved by
implementing this constant voltage drop. However, the material
removal was overestimated by the simulation.
For processing times tECM > 1.5 s the electric current is
underestimated by the simulation. Furthermore, in the exper-
iments at the edge of the calottes a chamfer is observed, which
cannot be mapped by the simulation. Both eﬀects indicate a
secondary contacting which is induced by reﬂected electrolyte.
For the further development of multiphysics simulation of the
material removal in Jet-ECM this secondary contacting will be
implemented in the model.
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